Many volatile organic chemicals (VOCs) have not been tested for sensory pulmonary irritation. Development of an in vitro non-animal sensory irritation assay that is suitable for a large number of chemicals is needed to replace the mouse assay. An adverse outcome pathway (AOP) is designed to provide a clear description of the biochemical and cellular processes leading to toxicological effects or an adverse outcome. The AOP for chemical sensory pulmonary irritation was developed according to the Organization for Economic Co-operation and Development guidance including the Bradford Hill criteria for weight of evidence to determine the confidence in the AOP. The proposed AOP is based on an in-depth review of the relevant scientific literature to identify the molecular initiating event (MIE) for respiratory irritation. The activation of TRPA1 receptor (transient receptor potential cation channel, subfamily A, member 1) is the MIE leading to sensory irritation. A direct measure of TRPA1 activation in vitro should identify chemical sensory irritants and provide an estimate of potency. Fibroblasts expressing TRPA1 are used to determine TRPA1 activation and irritant potency. We report a linear relationship between the in vivo RD 50 and the in vitro pEC 50 values (R = 0.81) to support this hypothesis. We propose that this in vitro assay, after additional analysis and validation, could serve as a suitable candidate to replace the mouse sensory irritation assay. This is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0 International license (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution and reproduction in any medium, provided the original work is appropriately cited.
ent in the air. Exposure to chemicals by inhalation causes trigeminal chemoreception (pain, nasal pungency, eye irritation, decreases in respiration rate), which is dependent on the concentration and frequency of exposure.
TRPA1 (transient receptor potential ankyrin-repeat 1) and TRPV1 (transient receptor potential cation channel subfamily V member 1) are present in the nerve endings in the upper airways that mediate sensory irritation as part of a physiological response to make the subject aware of the presence of chemicals and initiate several defensive biological responses. A wide range of chemicals activates TRPA1, while acids and a limited number of chemicals activate TRPV1 (Bessac and Jordt, 2010) . The activation of TRPA1 has been characterized as a gatekeeper of inflammation and is an essential endpoint in the regulation of exposure to VOCs (Bautista et al., 2013; Lehmann et al., 2016 Lehmann et al., , 2017 . TRPA1 is a regulator of neuropeptide release and neurogenic inflammation leading to increased mucus production,
Introduction
Inhalation exposure to gases and vapors frequently occurs in occupational and ambient environments. Each year new volatile organic chemicals (VOCs) are introduced into commercial use as solvents, vapors or gases and are subsequently incorporated into household consumer products and ultimately discharged into the environment. Many of these VOCs are not well characterized with respect to sensory irritation.
The term sensory irritation (Alarie, 1981) is frequently used to describe adverse health effects caused by compounds interacting with peripheral nerve fibers. The respiratory tract is richly innervated by trigeminal nerves and their nerve endings in the epithelial tissue of the nasal mucosa express transient receptor potential (TRP) ion channels (Fujitta et al., 2008; Bessac and Jordt, 2008; Inoue and Bryant, 2005; Bautista et al., 2006) . Activation of TRP ion channels is involved in the detection of irritants pres-
Approach
An AOP-wiki was developed based on Villeneuve et al. (2014) and the respective OECD guidelines (OECD, 2012a (OECD, ,b, 2018 . All AOPs have a single starting point, i.e., the molecular initiating event (MIE), progress through several key events (KE) and culminate in a single endpoint or adverse outcome (AO), either in an individual or a population (OECD, 2012a (OECD, ,b, 2018 . For VOC induced irritation, binding to sensory receptors was determined to be the MIE, and the AO is respiratory irritation. Identification of key biochemical and cellular events between the MIE and the AO was achieved by an in-depth, comprehensive survey of appropriate scientific literature, using PubMed and Google Scholar as the main resources along with reference tree searching.
Relevant background information

Biochemical and cellular basis for sensory irritation
Chemesthesis, i.e., sensations produced by chemical exposure, occurs through trigeminal nerve fiber endings present in the nasal cavity and airways and is mediated by a family of ion channel receptors located in the nerve endings.
The ASIC receptors are ubiquitously expressed in both the A and C fiber sensory neurons. Activation of these receptors plays a role in the pain response that occurs upon inhalation of chemicals that alter cellular acidity. ASIC receptors (acid-sensing ion channels) detect changes in acidity between pH 6 to 7. For example, inhalation of acetic acid activates ASIC receptors (Bessac and Jordt, 2010) .
TRPV1 is a member of the TRP family ion channel receptors also located in the sensory fibers in the lining of the trachea, bronchi, and alveoli. TRPV1 is activated by a few chemicals and some irritants found in foods, e.g., chili peppers (capsaicin), black pepper, and garlic. TRPV1 is also activated by acidic conditions in the respiratory tract. Activation of TRPV1 causes respiratory tract irritation with sneezing, cough, increased mucus secretion, and pain. Activation of the TRPV1 receptor can desensitize the airway response to other irritants Bessac and Jordt, 2010) . TRPA1, which is present in the C-fiber nerve endings, is directly activated by VOCs and is essential for the irritant response (see 2.1.2). TRPA1 receptor reacts with or is activated by a wide range of natural and many environmental compounds, including dust, cigarette smoke, vapors, and common air pollutants. Electronic cigarettes can also produce potentially reactive aldehydes that may activate the TRPA1 receptor (Rowell and Tarran, 2015) . Activation of the TRPA1 channel causes the release of pro-inflammatory cytokines at the site of interaction (Bessac and Jordt, 2010) . The range of chemicals activating TRPA1 is very diverse, with the chemical reactivity of TRPA1 agonists being more important than their structure (Peterlin et al., 2007) . TRPA1 receptors are also present in skin, suggesting that skin could be used as a surrogate for the respiratory tract in the in vitro investigation of sensory irritation by chemicals (Jordt et al., 2004) .
TRPA1 and TRPV1 co-localize in the sensory nerve ending (Bessac and Jordt, 2008) and are expressed in the small diameter nasal obstruction, sneezing, and coughing (Belvisi et al., 2011; Bautista et al., 2013; Caceres et al., 2009) .
Chemicals that are irritants can be identified and characterized based on the following: physical and chemical characteristics, the result of classical in vitro skin and eye corrosion irritation assays (Bos et al., 2002) , and data obtained from in vivo sensory irritation tests (Alarie, 1966 (Alarie, , 1981 Alarie et al., 1995) . Acute inhalation injury by corrosive chemicals is overt and therefore easily quantified in animal studies. Corrosion is identified based on histological necropsy observations, including cell necrosis, inflammatory cell infiltration, and edema.
While physical and chemical characteristics are frequently predictive for corrosive chemicals, known sensory irritants have a wide range of physical and chemical characteristics that are, in general, not predictive for sensory irritation. There is only a single assay for the determination of sensory irritation, i.e., the classical in vivo sensory irritation test, which presents the result as the dose causing a 50% reduction in respiration rate or RD 50 (Alarie, 1966 (Alarie, , 1973 (Alarie, , 1981 Alarie et al., 1995; Schaper, 1993) . Many VOCs are classified as sensory irritants based on results from this assay. The RD 50 has been proposed for developing guidance levels of 0.033 x RD 50 . However, the utility and validity of the RD 50 assay for sensory irritation and the subsequent development of exposure limits have been questioned (Bos et al., 1991 (Bos et al., , 2002 as extrapolation of animal data to humans did not correlate with observed histopathological changes or corrosion of the respiratory tract. However, Kuwabara et al. (2007) and Nielsen and Wolkoff (2017) later pointed out that the RD 50 assay is designed to evaluate sensory irritation potential and not corrosive effects. Nielsen and Wolkoff (2017) propose a systematic approach for using animal data to set air quality guidelines that includes evaluation of the number of mice and the strain, exposure concentrations, exposure-response relationships, and the mode-of-action in mice and humans.
Improved or additional assays are needed to develop non-animal testing for sensory irritation. Ideally, the assay should be an in vitro system that can measure a reasonably large number of chemicals and is based on biochemical processes and chemical structure activity. A clear understanding of the biochemical and cellular mechanisms of receptor activation and signal transduction pathways for sensory irritation should point the way toward the development of non-animal assays for risk assessment of inhalable chemicals.
The Organization for Economic Co-operation and Development (OECD) developed a collaboration between the Joint Research Centre of the European Commission, the United States Environmental Protection Agency (US EPA), and the United States Army Engineer Research and Development Center, which resulted in the development of the Adverse Outcome Pathway Knowledge Base as a tool for risk assessment. An adverse outcome pathway (AOP) provides a clear description of the mechanisms underlying biochemical events and modes of action leading to adverse effects. Here, we report the development of an AOP for sensory irritation that provides guidance for designing in vitro assays for assessing and quantifying sensory irritation. This AOP (AOP #196) is under development in the AOP-wiki, not open for comment, and can be found at https://aopwiki.org. neurons in the trigeminal nerves located in the respiratory tract. The vagal jugular and vagal nodose ganglia project TRPA1-expressing C-fibers into the airways of the pulmonary system (Belvisi et al., 2011) . TRPV1 is localized with substance P and NK1 receptors in trigeminal nerve endings and some evidence suggests that they interact with TRP receptors (Naono-Nakayama et al., 2010) .
Upon activation of trigeminal neurons, the release of substance P (SP), a peptide that stimulates an inflammatory response, results in an increase in mucus secretion, plasma extravasation, and vasodilation. The nerve endings expressing neuropeptide CGRP (calcitonin gene-related peptide) in the respiratory tract are in the same regions as SP, and CGRP is frequently released with SP after stimulation (Russell et al., 2014) . Nerve endings expressing CGRP are also located in the walls of small blood vessels and, after release from nerves, cause prolonged vasodilation. CGRP has two forms, α and β, with the expression of the α-form abundant in the nerve fibers, respiratory tract mucosa, and pulmonary epithelium. Activation of the TR-PA1, but not TRPV1, ion channel receptors in the airways can cause the release of CGRP (Kichko et al., 2015) .
TRPA1 is expressed in many species with the activation by electrophiles conserved across species. Sensory detection of chemicals causes the following sensations: piquancy, tingling, prickling, irritation, stinging, burning, and pain, or may induce involuntary, autonomic, and motor reflexes (Bessac and Jordt, 2010) . Also, the TRP ion channels are implicated in the cough reflex, a response observed upon inhalation of an irritant.
TRPA1 activation is essential for VOC induced irritation
Activation of the TRPA1 channel appears to be the determinate for most of the response of the pulmonary system to inhaled irritants (Bessac et al., 2009; Belvisi et al., 2011; Caceres et al., 2009) . Many known irritants, including isocyanates, cigarette smoke extracts, ozone, H 2 O 2 , and aldehydes, increase calcium flux in TRPA1-transfected HEK293 but not in control HEK293 cells. Calcium flux measured in isolated trigeminal neurons after incubation with an irritant chemical was significantly reduced in neurons isolated from TRPA1 deficient (TRPA1-/-) compared to wild-type mice (Taylor-Clark et al., 2009; Taylor-Clark and Undem, 2010) . Furthermore, the irritation responses including cough, pain, and inflammation were absent or decreased after exposure of TRPA1-/-mice to irritants such as alkyl isothiocyanate, toluene diisocyanate, or formaldehyde (McNamara et al., 2007; Taylor-Clark et al., 2009) . In contrast, TRPV1-/-mice exposed to acrolein did not respond with a decrease in respiration rate (Symanowicz et al., 2004) . Therefore, the chemical activation of TRPA1 appears to be essential for the irritant response in the respiratory tract after exposure to pulmonary irritants (Belvisi et al., 2011) .
TRPA1 and airway hyper-reactivity
Hyper-activation and chronic activation of TRPA1 appear to contribute to chronic bronchitis, occupational asthma, and other inflammatory respiratory tract diseases associated with exposure to inhaled toxic agents. TRPA1 may also be important in allergic sensitivity because, as shown in experimental animals, the receptor modulates sensitivity to ovalbumin, an inducer of allergic asthma in experimental animal models (Bessac and Jordt, 2010) . Activation of the irritation or nociceptive receptors can lead to increased sensitization to allergic stimuli Jordt, 2008, 2010) .
The activation of TRPA1 stimulates the release of SP and CGRP, which play a role in the asthmatic and irritation symptoms observed after one-time and frequent exposure to inhaled irritants (Caceres et al., 2009 ). Exposure to high levels of TR-PA1 agonists can induce reactive airway dysfunction syndrome (RADS), characterized by asthma-like symptoms (Brooks et al., 1985) . Bessac and Jordt (2008) proposed that exposure to an irritant that activates TRPA1 may sensitize TRPA1 through inflammatory pathways, thereby establishing hypersensitivity to other reactive irritants.
TRPA1, but not TRPV1, appears to play an important role in allergic airway inflammation and hyper-reactivity associated with asthma. In the ovalbumin mouse model of asthma, TR-PA1-/-mice, but not TRPV1-/-, had reduced mucus, fewer leukocytes in the bronchoalveolar lavage fluid, and lower amounts of inflammatory cytokines than wild-type mice. Exposure of mice to tear gas or TRPA1 agonist increased CGRP, SP, and NKA in wild-type mice while reduced levels were detected in the alveolar fluid of TRPA1-/-mice. Likewise, exposure of wildtype mice to ovalbumin increased levels of NKA while reduced levels were measured in TRPA1-/-mice. These results indicate that TRPA1 may also play a role in the development of asthma after allergen challenge (Caceres et al., 2009) . MIE, molecular initiating event; KE, key events; KER, key events relationship; AO, adverse outcome tive irritants. For example, THC activates TRPA1 presumably by binding to the active site of TRPA1 (Baraldi et al., 2010) .
The epithelial cells lining the airways express the CYP450 family of enzymes that can metabolize some chemicals to reactive metabolites (Lanosa et al., 2010 ) that bind to TRPA1. For example, styrene and naphthalene, which are non-reactive, require metabolism to bind to the receptor and elicit the subsequent reduction in respiratory rate in mice. Differences in the CYP450 family of enzymes between humans and mice may contribute to different responses of mice and humans to some irritants (Lanosa et al., 2010) .
Key events
3.2.1 KE 1 : Increase in intracellular Ca 2+ The binding of irritant chemicals to TRPA1 activates the ion channel, resulting in an influx of Ca 2+ and an increase in intracellular Ca 2+ levels as measured in cells by fluorescence dye imaging, e.g. using Fura-2 (Bessac and Jordt, 2010; Brône et al., 2008; Bessac et al., 2009 ). For reactive irritants, the activation depends on the covalent binding of the chemical to cysteine residues in the active site.
The increase in Ca 2+ influx detected upon incubation with reactive irritants is not observed with mutant TRPA1 proteins in which the three cysteine residues in the active site have been substituted. In contrast, upon incubation of these mutant TRPA1 proteins with non-reactive irritants such as THC, Ca 2+ influx is
Sensory irritation AOP
Based on the biochemical and cellular data on sensory irritation described above, we propose an AOP for sensory irritation as depicted in Figure 1. 
Molecular initiating event
The binding of the irritant to the TRPA1 receptor is the MIE leading to an adverse outcome. Chemical irritants have highly diverse chemical structures but can be divided into two groups based on their chemical reactivity, i.e., reactive and non-reactive.
Irritants in the reactive group include endogenous inflammatory lipids, oxidants, and electrophilic agents that react with biomolecules including amino acid residues in proteins (Bessac and Jordt, 2010) . Some members of this reactive group are isocyanates (tear gases), α,β-unsaturated aldehydes, heavy metals, and peroxides. They are very potent irritants that covalently link to and activate the TRPA1 receptor, which then initiates the irritation response (Bessac and Jordt, 2010; Bautista et al., 2006 Bautista et al., , 2013 . This type of irritant is exemplified by the tear gases that covalently bind to cysteine residues in the receptor (Macpherson et al., 2007; Brône et al., 2008) and can cause sustained activation of TRPA1 (Macpherson et al., 2007) .
Chemicals in the non-reactive group, for example, alcohols, alkylbenzenes, non-reactive ketones, and tetrahydrocannabinol (THC) (Jordt et al., 2004) , appear to physically but not covalently interact with the receptors and are not as potent as the reac- CGRP (KER 3 ), which promote neurogenic inflammation, vasodilation and fluid leakage. SP stimulates goblet cells and submucosal glands to increase mucus secretion and contractility of airway smooth muscles, which results in bronchial constriction and increased airway resistance (O'Connor et al., 2004) . CGRP stimulates the pulmonary vasculature, causing plasma extravasation, edema, and neutrophil infiltration (Andrè et al., 2008; Trevisani et al., 2007) . Clear time-and concentration-dependent relationships between activation of the receptor, Ca 2+ ion flux and the release of neuropeptides are reported Jordt, 2010, 2008) .
TRPA1-/-mice, but not TRPV1-/-mice, show greatly reduced leukocyte infiltration, reduced cytokine and mucus production, and abolished hyperactivity and hence impaired inflammation and hyper-reactivity in comparison to wildtype mice. The lack of an irritant response and reduced neurogenic inflammation after exposure to known irritants in TRPA1-/-mice provides compelling evidence supporting the linkage of TRPA1 activation and neuropeptide release (Bautista et al., 2006; Caceres et al., 2009 ).
The adverse outcome
Excitation of the trigeminal nerves causes the initiation of airway reflex responses, coughing, sneezing, and pain. The release of inflammatory neuropeptides induces bronchoconstriction, vasodilation, recruitment of immune cells, and an inflammatory response (Bautista et al., 2006 (Bautista et al., , 2013 . As the irritant reaches the lower airways, sensory nerve activation causes the following organ or pulmonary responses: bronchial constriction spasms, increased mucus production, and further neurogenic inflammation. Increased eosinophils, T helper cells and release of the associated inflammatory cytokines (IL-2, IL-4, IL-10, IL-13) are observed (Caceres et al., 2009; Belvisi et al., 2011) .
Trigeminal activation also results in a vagal response that slows the respiration rate (Alarie, 1981; Alarie et al., 1995) . Exposure to irritants and the activation of TRPA1 coupled with its interaction with TRPV1 can eventually lead to the following organism responses or clinical manifestations: chronic cough, pain, airway inflammation, COPD, and asthmatic-like conditions (Bessac and Jordt, 2008; Chen and Hackos, 2015; Baraldi et al., 2010) . The activation of these receptors causes airway hyperresponsiveness and induction of neurogenic inflammation (Bessac and Jordt, 2010; Belvisi et al., 2011) .
The activation of TRPA1 and TRPV1 induces the release of pro-inflammatory peptides such as NG, SP, and CGRP that mediate neurogenic inflammation observed as bronchoconstriction, vasodilation, and the recruitment of immune cells (Bautista et al., 2006 (Bautista et al., , 2013 .
Weight of evidence assessment for the AOP
Evaluation of the AOP was based on the Bradford Hill criteria as described in the OECD AOP Handbook (OECD, 2012a (OECD, ,b, 2018 with the additional guidance provided in Becker et al. (2015) and Vinken et al. (2013) . A box and linear flow diagram (Fig. 1 ) was constructed to allow easy determination of the sequence of biological events at the different levels of biological organization. still observed (Peterlin et al., 2007; Macpherson et al., 2007) . Both covalent and non-covalent binding of chemical irritants to TRPA1 therefore causes activation of TRPA1 as measured by an increase in intracellular Ca 2+ (KER 1 ) shown in Figure 2 .
In HEK-293 cells expressing TRPA1, a clear concentration dependence was found and the Ca 2+ influx also increased with time of exposure to the irritant chemicals, indicating a time dependence. The EC 50 , i.e., the concentration causing 50% of the maximum increase in Ca 2+ influx into cells, is reported for approximately 65 chemicals in the Guide to Pharmacology database with data given as pEC 50 , i.e., the negative log molar concentration causing 50% of maximum response (Liu et al., 2017) . Differences among rat, mouse, and human TRPA1 are also reported for some chemicals. In mice and cultured cells, the influx of Ca 2+ also increased with increasing chemical concentration and time of exposure Jordt, 2008, 2010; Bautista et al., 2006; Brône et al., 2008) .
KE 2 : Trigeminal nerve excitation
Electrophysiological changes occur upon an increase in intracellular Ca 2+ that can lead to depolarization of sensory neurons, i.e., excitation (KER 2 ) (Jordt et al., 2004) . Challenge of dorsal root ganglia (DRG neurons) isolated from rats with tear gases, thioisocyanate, or THC (Jordt et al., 2004; Brône et al., 2008) or challenge of isolated rat and mouse sensory neurons (DRG and nodose neurons) with reactive irritants, oxidants, or reactive lipids (Andersson et al., 2008) resulted in changes in Ca 2+ influx and changes in membrane potential that were both concentration-and time-dependent.
Furthermore, mouse DRG neurons isolated from TRPA1-/-mice have greatly reduced increases in Ca 2+ influx and electrophysiological changes after challenge with several irritants as compared to DRG isolated from wild-type mice. In contrast, DRG neurons isolated from TRPV1-/-have responses similar to DRG neurons isolated from wild-type mice after stimulation with irritants. After exposure to inhaled irritants, TRPA1-/-mice but not TRPV1-/-mice displayed significantly lesser trigeminal/ vagal responses than wild-type mice as measured by respiration rate and symptoms of irritation, i.e., pain, coughing, sneezing. Studies with TRPA1-/-mice strongly support the critical importance of trigeminal excitation after activation of TRPA1 receptor in response to irritants Jordt, 2008, 2010; Bautista et al., 2006; Brône et al., 2008) .
The reduction in respiratory rate after exposure to chemicals at different concentrations measured as reported by Alarie et al. (1981 Alarie et al. ( , 1995 can be considered an estimate of trigeminal nerve excitation in mice after exposure. Studies with TRPA1-/-mice support the hypothesis that trigeminal excitation is dependent on TRPA1. The decrease in respiration rate occurs with increasing chemical concentration, supporting the sensory assay (RD 50 ) correlation of trigeminal nerve excitation in vivo.
KE 3 : Neurogenic inflammation
Trigeminal excitation of chemosensory nerve endings in the nasal mucosa and airways after activation of TRPA1 stimulates the release of the neurogenic inflammatory neuropeptides SP and er, there is a high strength, consistency, and specificity for the association of adverse effects and the initiating event.
KE 1 and KER 1
TRPA1 is a member of the TRP family of Ca 2+ ion channels and a strong coherence and consistency exists with the experimental evidence that the binding of the chemicals to TRPA1 results in an increase in intracellular Ca 2+ Jordt, 2008, 2010; Bautista et al., 2006; Brône et al., 2008) . Studies with TRPA1-/-cells and mice confirm that TRPA1 is essential for the increase in intracellular Ca 2+ observed after challenge with irritant chemicals. Concordances between dose responses and temporal relationships were observed in vitro for increased intracellular Ca 2+ and the trigeminal nerve excitation as measured by changes in electric potential (Bessac and Jordt, 2008; . The weight of evidence for both KE 1 and KER 1 is high, and the confidence level is high.
KE 2 and KER 2
The temporal sequence of events and the concentration dependency for intracellular Ca 2+ agree with the electro-physiological changes observed in cells and isolated trigeminal neurons after irritant chemical challenge Jordt, 2008, 2010; Bautista et al., 2006; Brône et al., 2008) . The results from experiments with site-directed mutagenesis confirm the dependence of the electric potential differences, and hence the nerve excitation, by TRPA1 on Ca 2+ ion influx (Doerner et al., 2007) . Other studies with TRPA1-/-mice confirm that the presence of TRPA1 is essential for the trigeminal nerve excitation and irritation in mice Jordt, 2008, 2010; Bautista et al., 2006; Brône et al., 2008; Achanta and Jordt, 2017) , providing biological plausibility, coherence, and consistency with a high confidence level in KE 2 and KER 2 .
KE 3 and KER 3
Trigeminal nerve excitation stimulates the release of the pro-inflammatory neuropeptides SP and CGRP, which cause neurogenic inflammation (Trevisanti et al., 2007; Andrè et al., 2008; Caceres et al., 2009) . Trigeminal nerve-mediated neurogenic inflammation causes excitation of the sneezing, pain, coughing, and vagal stimulation, resulting in a decreased rate of respiration. These biological responses to irritant exposure are diminished in TRPA1-/-mice, confirming the essential role of TRPA1 in the adverse outcome, i.e., sensory pulmonary irritation Bautista et al., 2006; Taylor-Clark et al., 2009; Liu et al., 2013; McNamara et al., 2007) . Other studies with TR-PA1-/-mice confirm the essential role of TRPA1 in airway inflammation, hyperreactivity, and mast cell induction (Hox et al., 2013; Caceres et al., 2009) .
The temporal sequence of biochemical and physiological events agrees with the adverse outcome of sensory pulmonary irritation as observed at different times after exposure Jordt, 2008, 2010; Bautista et al., 2006; Brône et al., 2008) . The dose-response relationship between the activation of TRPA1 and neurogenic inflammation based on in vitro and in vivo experimental evidence is consistent with the hypothesis that the acThe AOP was evaluated based on the weight of evidence (OECD, 2012a (OECD, , 2018 for the following criteria: 1) dose-response relationships, 2) temporal relationship between the key events and adverse effect, 3) strength, consistency, and specificity between adverse effect and initiating event, 4) biological plausibility, coherence, and consistency of the experimental evidence, 5) alternative mechanisms that logically present themselves and the extent to which they may distract from the postulated AOP, and 6) uncertainties, inconsistencies, and missing data.
Molecular initiating event (MIE)
The MIE is the binding of the chemical to the TRPA1 receptor, which results in an increase in intracellular Ca 2+ . The importance of the activation of the TRPA1 receptor in the pulmonary response to irritants is strongly supported by the results from studies with knockout mice, i.e., TRPA1-/-mice and TRPV-/-mice (Taylor-Clark et al., 2009; Bessac et al., , 2009 Caceres et al., 2009 ). For TRPA1-/-mice, a diminished response to irritant chemicals is reported, confirming the association of the initiating event, i.e., the activation of the TRPA1 receptor, with the adverse effect. In contrast, after exposure to irritant chemicals, the irritation response was the same in TRPV1-/-mice compared to wild-type mice, consistent with the high specificity between TRPA1 activation and the adverse effect. Actual binding of the reactive chemicals to TRPA1 was confirmed by mass spectrum analysis. However, no dose-response was measured for the binding (Macpherson et al., 2007; Brône et al., 2008) . The studies in knockout mice provide a high strength, consistency, and specificity for the association of the initiating event with the adverse outcome.
Ca 2+ influx determination by Fura-2 fluorescence measurement in fibroblasts expressing TRPA1 is a well-established in vitro assay to measure the activation of TRPA1 by irritants. Many investigators have used this assay to measure the potency of selected irritant chemicals from with the pEC 50 values reported in the Guide to Pharmacology are derived (Liu et al., 2017) . A commonly used fibroblast cell line is HEK-293, which can be transfected readily with TRPA1 and is conducive to Ca 2+ measurement. As a human transformed lung epithelial cell line, A549 offers the advantage of already expressing functional TRPA1 (Buch et al., 2013) .
In vitro data on the activation of TRPA1 by known irritants as measured directly in cells expressing TRPA1 causes some uncertainty in the MIE since only a few irritants have been tested both in vitro and in vivo. In general, the potency of a few irritants obtained from in vitro assays for the activation of TRPA1 is in agreement with the concentrations required to produce adverse effects in mice (Bessac et al., , 2009 Brône et al., 2008; McNamara et al., 2007; Schaper, 1993) . The correlation between the potency of most irritants as measured by in vitro methods and the concentrations required for the irritation or the adverse effects in mice has not been fully investigated.
While the weight of evidence for activation of TRPA1 by chemicals in the mouse is high, with a high confidence level, the exact mechanism and interactions with other receptors present in the trigeminal ganglia neurons are less clear. In general, howev-acute exposure reference levels for 16-25 irritant chemicals. They concluded that RD 50 data are useful for setting protective exposure levels for both workers and the general population. Sensory irritation has been proposed as a basis for setting occupational limits (Brüning et al., 2014; Nielsen and Wolkoff, 2017) . Recently, Nielsen and Wolkoff et al. (2017) evaluated the mouse bioassay for setting exposure limits or guidelines for exposure to airborne irritants. They concluded this assay was the "only validated animal bioassay for prediction of sensory irritation in humans." Exposure levels and RD 50 data appear to be linked to the critical biochemical event (MIE) determined by the AOP.
For some irritant chemicals, including a few environmental chemicals, the activation of TRPA1 has been determined in HEK-293T fibroblasts and other cells that express TRPA1. Known irritant chemicals (65 are reported) bind to and activate TRPA1 (Liu et al., 2017) . Although many VOCs are characterized as pulmonary irritants, only a few of these environmental irritants have been tested using in vitro assays to directly measure the activation of TRPA1 and only a limited number of EC 50 are reported (Bessac and Jordt, 2010; Bos et al., 1991 Bos et al., , 2002 Lehmann et al., 2016) .
Based on the understanding of respiratory irritation from the AOP and the data showing that the mouse sensory assay indirectly measures TRPA1 activation, we propose to use the in vitro assay based on fibroblasts or other cells expressing TRPA1 to measure the direct activation of TRPA1 by suspected irritants. The assay could be used to screen chemicals for the activation of TRPA1 and to determine the concentration dependence or EC 50 . The in vitro assay could be used with other assays to help set exposure limits. A comparison of the RD 50 values with the EC 50 values is a suitable approach to test the hypothesis that the EC 50 values and RD 50 values correlate.
To identify existing EC 50 values for sensory irritants, the primary references identified in our extensive literature search and data reported in the Guide to Pharmacology database were examined (Liu et al., 2017) . The pEC 50 values were cross-referenced with the chemicals reported with the Schaper database (1993) . Only 7 chemicals with both RD 50 and pEC 50 values were identified that had 2015 TLVs (threshold limit value) developed based solely on respiratory irritation by the American Conference of Governmental Industrial Hygienists (ACGIH). A preliminary analysis of this published data was done to determine the feasibility of this approach and is reported in Figure 3 and Table 1. The result shows a linear relationship between the in vivo RD 50 and in vitro pEC 50 values and is support for this proposal. The results suggest that pEC 50 values for the activation of TR-PA1 obtained from the in vitro assay may be used to estimate in vivo RD 50 or potentially replace the mouse sensory assay and hence be used in setting exposure levels of irritant chemicals. Additional support for this proposal is the good correlation that exists between the potency of tear gases determined by an in vitro assay using human TRPA1 expressed in cells and the concentrations causing 50% of exposed human subjects to detect the tear gas or to become incapacitated by the exposure (Brône et al., 2008) . The development of a validated in vitro assay for TRPA1 activation can be used to determine if an uncharacterized chemtivation of the TRPA1 receptor is a key initiation event in sensory pulmonary irritation (Bautista et al., 2006 (Bautista et al., , 2013 Bessac and Jordt, 2008; Belvisi et al., 2011) . Biological plausibility is high and consistent with other studies on neurogenic inflammation (Meseguer et al., 2014; Xanthos and Sandkuhler, 2014) , with strong coherence and consistency of the experimental evidence to support the essential role, and empirical results indicating that the weight of evidence and confidence in KE 3 and KER 3 is high.
Weight of evidence for AOP
The analysis of the overall weight of evidence for this AOP is strong and there is a high level of confidence based on Bradford-Hill criteria for the analysis of the key events and the KERs connecting the key events to the adverse outcome sensory pulmonary irritation. The biological plausibility based on the experimental evidence is strong for the KEs and KERs based on the knowledge obtained from numerous investigations. The concordance of dose responses and temporal relationships also strongly supports the high confidence level. Evidence of essentiality for the AOP is based on diminished response to irritant chemicals observed with TRPA1-/-mice. All the key events and the adverse outcome were dependent on the MIE, i.e., the activation of TRPA1.
Discussion
There is compelling evidence as reported in the literature by several investigators (Bautista et al., 2013; Bessac and Jordt, 2010; Baraldi et al., 2010) to support this sequence of key biological events in the AOP. Activation of the TRPA1 receptor is the critical event; it is the MIE that initiates this series of biological events causing respiratory irritation. The concentration dependence for the activation of TRPA1 by irritant chemicals determines, in part, its potency to cause biological effects in vitro or in animal models.
More than 350 chemicals characterized as pulmonary irritants have been investigated with a mouse assay for sensory pulmonary irritation based on measurement of changes in respiration (Alarie, 1981; Alarie et al., 1995) with the data reported as RD 50 values (Schaper, 1993) . Excitation of the trigeminal nerves after activation of TRPA1 by an inhaled irritant causes a vagal-mediated reduction in respiration rate. The reduction in respiration rate is attenuated in TRPA1-/-mice in response to exposure to an inhalable sensory pulmonary irritant (Bessac and Jordt, 2010; Achanta and Jordt, 2017) , providing evidence that reduction in respiration rate is a measure of TRPA1 activation. The RD 50 values may be considered an indirect measure of potency of an irritant to stimulate trigeminal nerve activation in mice, but this in vivo assay is compromised by various issues associated with animal experiments, i.e., pharmacokinetic issues, volatility of the chemicals, etc.
An apparent correlation is reported between RD 50 values and threshold limit values (TLVs) for some of these chemicals. Kuwabara et al. (2007) found relationships between RD 50 values and the lowest observed adverse effect levels (LOAELs) and a Chemicals with both RD50 and pEC50 values were identified that had 2015 TLVs (threshold limit value) developed by the American Conference of Governmental Industrial Hygienists (ACGIH) based solely on respiratory irritation. The TLV is a level to which a worker can be exposed day after day for a working lifetime without adverse effects. Chemicals with TLVs based upon pulmonary sensitization or edema were excluded due to the complexity of multiple mechanisms. b Schaper, 1993; c Alarie, 2015; d Liu et al., 2017 ical is a potential chemical irritant. The results obtained may be useful as predictive tests and ultimately for setting human inhalation exposure limits. Confirming the in vitro activation of TRPA1 by other established irritants would enhance the scope of this AOP. If some of these established irritants were found not to be activators of TRPA1 receptors, then fibroblasts expressing TRPV1 or ASIC may be appropriately used. TRPA1 and TRPV1 co-localize in the nerve ending (Bessac and Jordt, 2008) and some data suggest possible interactions between these two receptors. For example, the diallyl sulfides present in garlic activate both the TRPV1 and TRPA1, but activation of TRPA1 was observed at lower concentrations (Koizumi et al., 2009 ). Lehmann et al. (2016 Lehmann et al. ( , 2017 have also provided evidence of activation of both TRPA1 and TRPV1 in response to 2-ethyl hexanol in vitro and suggested that the use of several in vitro assays is necessary to investigate and fully characterize irritants. Fibroblasts or oocytes constructed to co-express both TRPA1 and TRPV1 can be used to determine whether their interaction alters the EC 50 .
Primary cultures of trigeminal neurons and calcium imaging have also been used to investigate activation by a series of VOC irritants (Inoune and Bryant, 2005; Lehmann et al., 2016 Lehmann et al., , 2017 . The activation of the neurons did not always agree with the respective RD 50 value. This suggests that additional mechanisms may also be responsible for the irritation observed in the mouse assay.
In addition, using the in vitro assay combined with other assays to measure the biochemical and cellular processes described as the key events of this AOP (the increase in intracellular Ca 2+ , trigeminal nerve excitation measured by changes in cellular membrane potential or calcium imaging, and measurements of the release of neurogenic pro-inflammatory neuropeptides or cytokines) as a multitiered approach could increase the predictive accuracy and requires further research.
In summary, the development of an AOP for sensory pulmonary irritation provides evidence that the activation of TRPA1 is the MIE that results in an increase in intracellular Ca 2+ leading to trigeminal nerve excitation and neurogenic inflammation to cause the adverse outcome of sensory pulmonary irritation. This understanding leads to a proposed approach to use a cellular-based in vitro assay to directly measure the activation of TR-PA1 to determine if a suspected chemical is an irritant and then to determine its potency. With further development and validation this in vitro assay to measure the activation of TRPA1 may be a suitable replacement for the mouse sensory RD 50 assay that can be used to set inhalation exposure limits.
